This study examined the long-term consequences for offspring born to mothers with pregestational type 1 diabetes regarding mortality, hospital admissions, and medication. We also examined the association between HbA 1c levels during pregnancy and mortality and incidence of hospital admissions.
blood pressure in the offspring. Many studies include both maternal type 1 diabetes and type 2 diabetes (5) (6) (7) (8) (9) (10) (11) (12) .
Maternal HbA 1c levels in pregnancy have been shown to be positively associated with adverse fetal outcome, but whether maternal HbA 1c levels affect long-term offspring outcome remains to be determined (13, 14) .
The mechanisms behind the adverse pregnancy outcomes in women with pregestational type 1 diabetes are not known. Some have hypothesized that type 2 diabetes and the metabolic syndrome in the offspring is caused by intrauterine hyperglycemia because maternal glucose easily passes the placenta, leading to fetal hyperglycemia and hyperinsulinemia (15, 16) .
The aim of this study was to assess the long-term consequences of pregnancies complicated by pregestational maternal type 1 diabetes on offspring mortality, hospital admissions, and use of medication. We also examined the association between maternal HbA 1c and long-term outcome in offspring.
RESEARCH DESIGN AND METHODS
From 1992 to 1999, pregnant Danish women with type 1 diabetes were prospectively reported to a registry managed by the Danish Diabetes Association. Information regarding maternal demography, diabetes status, and pregnancy outcome was reported to the registry by local obstetricians at eight hospitals in Denmark who were responsible for antenatal care and delivery for pregnant women with type 1 diabetes. The coverage of cases from the reporting centers spanned from 75 to 93%. This was evaluated by cross-checking with local discharge registries and an insulin-prescription registry, as described by Jensen et al., (17) who also reported deliveries from 1993 to 1999 in a study of perinatal complications.
We identified pregnancies in women with pregestational type 1 diabetes from 1992 until 1999. The inclusion criterion was delivery of a liveborn child after 24 weeks of gestation. Each woman and her offspring were included as index mother (n = 991) and index child (n = 1,326); siblings and twin pregnancies were accepted in the index and control cohorts.
All index mothers and children were identified in the Danish Civil Registration System, and Statistics Denmark (www.dst.dk), with ;100 control children (n = 131,884) identified for each index child. The matching criteria were control mothers and index mothers born the same year and the control mothers giving birth within 90 days of the index mother to a liveborn child (control child) with the same sex as the index child. For twin pregnancies, the control mother gave birth within 5 years of the index mother to liveborn twins with the same sex as the index children (Table 1) . Matching was done by the greedy matching technique (18) . We retrieved information concerning emigration for index and control children, and individuals who had emigrated during the observation period were excluded from further analyses after the emigration date. Exclusion of an emigrated index child also resulted in exclusion of its matched control children.
Mortality and Hospital Admissions
Information on deaths was retrieved from the Danish Register of Causes of Death (19). Diagnoses before 1994 were classified according to the ICD-8, and from 1994 according to ICD-10. ICD-8 diagnoses were transformed to ICD-10. Diagnoses were categorized into 19 chapters, and analyses of cause-specific mortality were made for each chapter.
Discharge diagnoses describing the primary reason for hospital admission were retrieved from the Danish National Hospital Register. This registry has collected nationwide data from all somatic hospital admissions since 1977 and data from outpatients since 1995 (20, 21) . From the Danish Psychiatric Central Research Register we retrieved information regarding diagnoses given within the psychiatric system. Because no private psychiatric hospitals exist in Denmark, this nationwide registration can be considered almost complete for severe mental disorders (22) . The discharge diagnoses were used as measure of overall and cause-specific morbidity. Both registers used ICD-8 before 1994 and ICD-10 from 1994 and onwards. Diagnoses were categorized as described for mortality. From the Danish Medical Birth Registry we received information regarding gestational age at birth.
The following information was retrieved for 949 index mothers from the Danish Diabetes Association registry: HbA 1c , pregestational BMI, and duration of diabetes ( Prescription Registry since 1995 and from 1996 also for children (23) . We retrieved information regarding the medication prescribed to index and control children. The type of medication is registered according to the Anatomical Therapeutic Chemical Classification System (ATC) along with the dispense date.
Education
The educational status of parents of index and control children was retrieved from Statistics Denmark, which keeps information on education achieved since 1981. Parents were classified as having or not having completed an education at bachelor level. No information was available on either parent for 3,819 children, and their parental education was classified as missing.
Statistics
For the analysis of mortality we estimated hazard ratios (HR) using stratified Cox regression with each index child and the matched control children as a stratum. Because siblings for index and control children were included, robust variance estimates of HRs were used. When stratified Cox regression was performed, the date of entry was the date of birth, and individuals were censored at the date of emigration or 31 December 2012, the last date of registration. Data concerning date of death was updated until 31 December 2012, but the Register of Causes of Death was only updated until 31 December 2011. Hospital admissions and medications were analyzed by mixed-effects negative binomial regression yielding incidence rate ratios (IRR) as the measure of association. These data are clustered at two levels. First, the data for each child on hospital admissions and medications constitute a cluster, and we allowed for this clustering by using a random effects model. Second, each index child and his or her matched control child constitute a cluster, and we allowed for this clustering by using robust variance estimates. We used negative binomial regression rather than Poisson regression to allow for overdispersion. The method is computationally demanding, and we therefore restricted the number of control children per index child to 10, selected at random, with negligible loss of precision.
We calculated HRs and IRRs with and without adjustment for parental educational level. The incidence of hospital admissions and use of medications, omitting siblings from the computations, did not change the overall results for mortality (data not shown).
Two supplementary analyses were made for hospital admissions. The risk of ever being admitted was analyzed using conditional logistic regression, and the incidence of admissions among children who were ever admitted was analyzed with mixed-effects negative binomial regression.
The associations between maternal HbA 1c and mortality and hospital admissions were analyzed among index children after excluding younger siblings and twin pregnancies. HbA 1c , maternal age at birth, and year of childbirth were included as continuous variables. The calculated HRs and IRRs for HbA 1c corresponded to a 1-percentage point increase (e.g., an HbA 1c increase from 6% [42 mmol/mol] to 7% [53 mmol/mol]). Stata 13.1 software was used for statistical analyses. P values of less than 0.05 were considered significant. We did not adjust for multiple testing but included this issue in the discussion. The study was approved by the Danish Data Protection Agency.
RESULTS

Mortality
Mortality was significantly increased for index children (HR 2.10, 95% CI 1.33-3.30, P = 0.001). A total of 977 individuals died during the observation period (20 index children and 957 control children; Fig. 1 and Supplementary Table 1 ). Fifteen index children and 641 control children died before the age of 1 year, and mortality in this age period was significantly increased for index children (HR 2.37, 95% CI 1.40-4.03, P = 0.001). After the age of 1 year, the HR was insignificantly elevated.
The specific cause of death was known for 946 individuals, and the HR could be estimated for 7 of 19 ICD-10 chapters. HRs were significantly increased due to circulatory diseases, genitourinary diseases, and perinatal disorders.
Information about HbA 1c was available for approximately two-thirds of the index pregnancies, including 11 index children who died. We analyzed possible relations between HbA 1c and mortality, and no significant association was found (Supplementary Table 2 ).
Hospital Admissions
The overall incidence of hospital admissions was significantly increased in the index children (IRR 1.45, 95% CI 1.38-1.53, P , 0.001; Table 2 ). The incidence of hospital admissions was significantly increased in all age groups until the age of 15 years. After the age of 15 years, the incidence was insignificantly increased. The incidence of admissions was elevated for several diagnostic groups, especially infections, endocrine diseases, perinatal disorders, Figure 1 -Kaplan-Meier plot displays overall mortality among children born to mothers with pregestational type 1 diabetes (index children) and matched control children.
congenital malformations, and unspecified diseases (Table 3) , and the elevation was consistent over age groups (Supplementary Table 3 ). Most of the increased IRRs can be explained by an increased proportion of index children ever admitted rather than by a higher number of admissions among those ever admitted (Table 3 and Supplementary Table 3 ). The prevalence of ever being admitted with a congenital malformation was elevated among index children compared with control children (odds ratio 1.65, 95% CI 1.40-1.96, P , 0.001).
Among index children, we analyzed the association between maternal HbA 1c and hospital admissions. The overall incidence of hospital admissions was significantly associated with pregestational and first trimester HbA 1c . The association was consistent over all age groups, except for the first month of life and from 5 to 9 years of age (Supplementary Table 4 ). The associations for second and third trimester HbA 1c were weak and insignificant. Supplementary Table 5 reports details about the association between HbA 1c measurements and specific diagnoses. Among the index children, we did not find an association between maternal HbA 1c and the incidence of congenital malformations. A total of 145 index children were diagnosed with a diagnosis from ICD-10 chapter 17 (congenital malformations). Of these children we had knowledge of HbA 1c from pregestational, 99; first trimester, 125; second trimester, 126; and third trimester, 131.
Medications
The overall use of medications was increased for index children compared with control children (IRR 1.13, 95% CI 1.07-1.19, P , 0.001). The use of medications from 8 of 14 ATC groups was significantly increased, including A) alimentary and metabolism, H) systemic hormones, J) anti-infectives, M) musculoskeletal system, N) nervous system, R) respiratory system, S) sensory organs, and drugs without ATC classification. The use of medications from the ATC group L (antineoplastic and immunomodulating) was significantly reduced (Supplementary Table 6 ).
Education
As reported in Table 1 , fewer parents of index children than of control children had a bachelor degree. When adjusted for parental educational status, the estimates regarding mortality, hospital admissions, and medications were slightly attenuated but essentially unchanged (Table 2 and Supplementary Tables 7-9 ).
CONCLUSIONS
The dominant result of this study was a different health profile in offspring of women with type 1 diabetes compared with their matched control offspring. We found increased mortality, increased use of medications, and increased incidence of hospital admissions, the latter extending into the childhood years.
Our study confirmed an increased mortality in the first year of life in offspring of mothers with type 1 diabetes. Most of the excess mortality was due to perinatal disorders. We found no significant association between maternal HbA 1c during pregnancy and offspring mortality, possibly due to the small number of deaths with information on HbA 1c .
The overall morbidity as expressed by hospital admissions was increased, and this pattern was present up to the age of 15 years. The increased incidence of admissions before the age of 1 month is Children of mothers with pregestational type 1 diabetes (index children) compared with matched control children. *IRRs significant at the 5% level. explained to some extent by routine admissions of children born to mothers with type 1 diabetes during the period when the registry was established.
The increased incidence of perinatal and endocrine diseases and congenital malformations supports existing literature (1-6,8,9) , and an increase in infections and in neurological and developmental disorders was previously shown by Aberg and Westbom (24) . The increased incidence of circulatory disorders might be due to cardiac malformations as well as to the increased risk of cardiac hypertrophy in offspring of mothers with type 1 diabetes, a condition that has been reported to normalize in early life (25, 26) .
The reason offspring of women with type 1 diabetes have an increased risk of developing infections is not easily explained. One explanation could be the higher number of caesarean sections in women with type 1 diabetes compared with the background population (17) . Focus on the effect of mode of delivery on intestinal microbiota and development of the immune system has recently increased (27). Thus, because women with diabetes more often give birth by caesarean section, their offspring may be more prone to infections later in life. Also, perinatal disease (e.g., respiratory distress syndrome) and congenital malformations could contribute to a later increased risk of infections.
We studied whether the increased incidence of hospital admissions was due to a higher risk of ever being admitted among the index children or an increased number of admissions among those ever admitted. For most diagnoses, we found an increased proportion of index children ever being admitted compared with the control children.
Among index children, we found an association between the mother's pregestational and first trimester HbA 1c and the admission rate. We are, to our knowledge, the first to show an association between maternal HbA 1c and overall morbidity after the perinatal period. Also, we found an association between maternal HbA 1c and hospital admissions for infections and unspecified diseases (Supplementary Table 4 ). In a previous clinical follow-up study, we found an association between maternal hyperglycemia and prediabetes and type 2 diabetes in adult offspring (5) . In the present epidemiological study, we did not find an association between HbA 1c and endocrine diseases on an ICD-10 chapter level. In the original work describing adverse pregnancy outcome in the deliveries between 1993 and 1999, Jensen et al. (13) described an increased risk of congenital malformations with maternal periconceptional HbA 1c $10.4 compared with the background population. In the current study, we found no significant association between HbA 1c and congenital malformations among the index children. However, the two studies are not in disagreement: both show an increased risk of malformations among children of mothers with type 1 diabetes compared with other children but no significant association between HbA 1c level and malformation risk among children of mothers with type 1 diabetes. Nevertheless, our findings in relation to long-term offspring outcome support that prepregnancy counseling of women with type 1 diabetes is relevant.
Our findings on morbidity, as expressed by hospital contacts, correspond well with findings related to medication. The overall use of medication was increased for offspring of mothers with type 1 diabetes, and the use of medication from 8 of 14 ATC groups was significantly increased. The increased number of prescriptions related to alimentary tract and metabolism, infections, sensory organs, and the nervous system is consistent with our results concerning hospital contacts due to endocrine diseases, infections, diseases of the eyes and ears, and psychiatric diseases.
Socioeconomic status and childhood health are known to be linked (28, 29) , and in a supplementary analysis, we adjusted for parental education as a marker of socioeconomic status. This only resulted in subtle changes of our findings (Table 2 and Supplementary Tables 7-9) . Thus, our findings cannot be explained by the fact that fewer children in the index group had parents with a bachelor level education. We find that the study lends strong support to the hypothesis that a hyperglycemic intrauterine environment affects the child's health.
The index children were born an average of 3 weeks earlier than the control children. Maternal diabetes is a strong predictor of preterm birth and, consequently, of adverse offspring outcome. Gestational age and birth weight are probably important intermediate variables in the pathway between maternal diabetes and offspring outcome, and therefore, we did not adjust for it in our main analysis because doing so would conceal the effect of maternal diabetes by the introduction of a special form of bias, described as collider bias and extensively discussed by Wilcox et al. (30) . In a supplementary analysis, we adjusted mortality before the age of 1 year and incidence of hospital admissions before the age of 1 month for gestational age (Supplementary Table 10 ). As expected, the adjustment reduced the contrast between index children and control children considerably, but we do not interpret this as the main results being biased by gestational age at birth.
The strength of this study is that it was performed in a large group of prospectively studied offspring of mothers with type 1 diabetes. Our index mothers were well characterized, and no mothers with type 2 diabetes or gestational diabetes were included in the cohort. The coverage level was high, and the cross-checks with local discharge registries and an insulin-prescription registry ensured that the register was not contaminated with false-positive cases. The opportunities to conduct association studies between type 1 diabetes and morbidity and mortality in this welldefined group are unique.
A possible bias of this study is that the women with the poorest glycemic control may not be monitored regularly during pregnancy and are therefore underrepresented in the register. If this were the case, it would lead to an underestimation of the effects of maternal diabetes on the offspring. The validity of discharge diagnoses from the Danish National Hospital Register ranges between 73% and 90%, which could affect the results (21). However, because this study only used discharge diagnoses at the ICD chapter level, we regard this as a minor problem. Furthermore, we have no reason to believe that the validity of diagnoses given to index children differs from diagnoses given to control children, and such undifferentiated misclassification would lead to an underestimation of the effects of maternal diabetes on the offspring. It is, however, possible that the threshold to seek medical help is lower for women with a serious diagnosis as type 1 diabetes and that may affect the incidence of contacts and medications among index children.
This report presents numerous statistical tests and CIs, and the risk of falsepositive results due to multiple testing is obvious. We did not attempt any formal adjustment for multiple testing because it leads to a high risk of concealing actual associations, but the findings must be interpreted with caution. However, when Supplementary Table 3 presents 135 IRR estimates, and 55 of them are significant in the same direction at the 5% level, it can hardly be dismissed as a chance finding.
In conclusion, we found evidence of adversely affected health in the offspring of women with type 1 diabetes. The overall incidence of hospital admissions was positively associated with maternal HbA 1c before and during early pregnancy. Type 1 diabetes during pregnancy had pervasive short-term and long-term implications on the offspring, exemplified by increases in mortality, hospital admissions, and use of medication.
